We investigate gap states in a series of nonmagnetic ZnO films grown by molecular beam epitaxy (MBE) and pulsed laser deposition (PLD) using magnetic circular dichroism. This technique is shown to be sensitive enough to investigate defect states in thin films of disordered wide-gap semiconductors by differentiating between a loss of transmission due to scattering and absorption. The method is first applied to Zn-and O-terminated films grown by MBE. The O-terminated film shows a broad peak centred at ~2.4 eV which corresponds to the green PL signal, whereas the Zn-terminated film shows a magnetic circular dichroism (MCD) signal that increases slowly with energy. The method was then extended to PLD films. Oxygen vacancy states in both MBE and PLD-grown films were identified, and the introduction of low concentrations of Al was shown to quench the MCD signal at low energy by neutralising the paramagnetic oxygen vacancies. In PLD-grown ZnAlO we observed a negative MCD that increased in magnitude as the energy approached the band edge indicating a much more pronounced spin-split impurity and conduction band. These examples illustrate the versatility of the MCD technique in identifying gap states in a variety of different types of ZnO samples.
Introduction
Many of the useful properties of wide band gap semiconductors depends on the density and character of the states in the gap. Magnetic circular dichroism (MCD) is a very powerful tool that can be used for investigating the presence of gap states in these materials. Its use in characterising magnetic materials is well known but in this paper we show its power to investigate nonmagnetic films. ZnO is a highly versatile technologically important material because it is transparent in the visible region as the band gap is 3.4 eV at room temperature and because the exciton states are particularly strongly bound; it can also be doped readily [1] .
Many of the useful properties depend on the states in the energy gap; some of these are intrinsic to pure ZnO and are due to vacancies, interstitials, anti-site ions, grain boundaries and surfaces; others are due to the dopants that have been introduced intentionally. In such a wide band semiconductor the mobile carriers all originate from gaps states and the defect states also scatter the mobile carriers thus limiting the mobility [2] . ZnO naturally grows oxygen deficient and hence is n-type. Its many uses include as a component with a p-type semiconductor in light emitting diodes, photodiodes and in thin film transistors. It is piezoelectric and thin films of pure ZnO have been found to be ferromagnetic when the grain size is small [3] .
ZnO is a polar material and it is known that there are a number of differences between samples that are grown with an O-polar or a Zn-polar exposed surface. These include the density of structural defects, tendency to absorb impurities and optically active states associated particularly with the O-polar surface [4] [5] [6] [7] . There are many applications of polar films of ZnO in heterojunctions [8] , for catalysis [9] and for enhanced piezoelectricity [10] . For these reasons it is particularly interesting to investigate the effect of O-or Zn-termination on the gap states on these films.
The number of applications increases dramatically when we consider doped ZnO. The conductivity increases rapidly when it is doped with Al (AZO) or Ga ions and it is regarded as a cheaper and more bio-compatible replacement for indium tin oxide ITO [11] in LED's [12] , thermoelectric devices [13] , photocurrent detectors [14, 15] . The band gap of pure ZnO is below that of ITO but it increases after doping with Al [16] .
Doping with transition metals and other dopants has been found to enhance the magnetism that is observed in pure ZnO and has produced many reports of ferromagnetism at room temperature. It has been shown that this requires oxygen vacancies but is also increased by increasing the number of carriers for example by co-doping with Al [17] [18] [19] . Recently there is increased interest in using pure ZnO, ZnMgO, InGaZnO and ZnCoO to obtain resistive switching [20] [21] [22] [23] . This effect relies on oxygen vacancies [21, 23] and so a technique that measures the energy states of the associated with oxygen vacancies is particularly useful. In addition the piezoelectricity of ZnO may be enhaved very significantly by the addition of vanadium.
The states in the gap play an important role, particularly those due to oxygen vacancies, and in pure ZnO these can be measured with photoluminescence (PL). However this technique is not always available because the PL is quenched by dopant transition metal or Al ions [24, 25] . It is also very difficult to measure the direct absorption from the gap states as it is usually masked by scattering from the surfaces and crystalline imperfections. In this paper we demonstrate the power of magnetic circular dichroism (MCD) to detect the weakly absorbing gap states in thin films of ZnO. The technique measures the fractional difference in absorption for left and right circularly polarised light making it essentially insensitive to scattering and hence it is applicable to samples of doped ZnO that have quenched luminescence. MCD is also only sensitive to paramagnetic gap states and hence it is complementary to PL where signals are also detected from singlet states.
In our work we apply the MCD technique to compare the gap states in polar ZnO films grown by MBE and thin films grown by pulsed laser deposition (PLD) with and without Al doping. None of the films were magnetic, but we show here that MCD can be used to detect the energies of the defect states arising from oxygen vacancies and extended defects such as grain boundaries in both types of film. The PL spectra of polar films have been studied extensively [3] and so in this case we can compare the results for MCD and PL directly. By contrast, the application to the films doped with Al allows identification of the gap states in samples where no corresponding PL data is available [25] . These examples show the versatility of MCD in detecting gap states in ZnO.
In section 2 we describe the principles of the MCD applied to ZnO and also to the sapphire substrate since the signal from the substrate needs to be subtracted to obtain the signal from the film. The preparation of the samples and the optical techniques are described in section 3 and the results are given in section 4 with the conclusions in section 5.
MCD spectra in ZnO
Pure ZnO has a full valance band and an empty conduction band but in this paper we are concerned with the defect states that exist commonly, particularly oxygen vacancies. The lowest energy state of a neutral oxygen vacancy has two trapped electrons in a spin singlet; this is a deep donor and there is also a spin triplet that is still inside the energy gap [19] , however in the interior of the grains the majority of the vacancies are in the singly ionised, paramagnetic state [26] . In all cases the energies are broad because of the lattice relaxation and the proximity of depletion regions near to the grain boundaries. In addition there are extended defect states associated with the depletion layer in the grain boundaries which will become spin polarised in an applied magnetic field and can accept additional electrons. In what follows we describe the MCD spectra expected from these different types of defect together with the contribution from shallow Al donors that are deliberately introduced into the samples. These can only bind a single electron.
An applied magnetic field will split all of the electronic states in the material by energies of the order of µ B |B|. If there are partially occupied levels this will result in an induced magnetisation due to the induced unequal populations of the states. (The whole sample is very likely to be diamagnetic because this defect induced paramagnetism is so small.) The spin orbit coupling produces an unequal orbital polarisation as a result of spin polarisation. The intensities of the absorption observed along a direction parallel to the direction of the field will be polarised σ + or σ − due to this unequal orbital population which affects the oscillator strength for Δm = ±1 in electric dipole transitions [27] . Historically this type of MCD spectrum is known as 'paramagnetic' and the MCD spectrum follows that of the absorption spectrum modulated by the strength of the Zeeman splittings and the spin orbit interaction in the electronic states that are involved in the transition. In a nonmagnetic material in an induction of 1.8 T, as used in our experiments, at room temperature the population imbalances are small, of the order of 10 −3 , so this MCD signal is weak but observable.
There is another type of MCD signal known as 'diamagnetic' which can occur in materials with and without partially filled shells. This signal results from the differences in energies of the σ + and σ − transitions because of the Zeeman effect [27] . A diamagnetic MCD signal is dispersive over an energy range of µ B |B|; for the induction used in these experiments, 1.8 T, this corresponds to an energy of the order of 10 −4 eV. This energy is much smaller than the resolution of our apparatus which is about 10 −2 eV and hence it is not observed in our measurements. This type of spectrum may be observed using a large value of |B| and is the only MCD signal that accompanies a transition between completely full and empty levels. This is shown in figure 1(a) for a transition to an ionised donor state for example an ionised Al donor and in figure 1(b) for a transition from the singlet state of a neutral oxygen vacancy to the conduction band we call these 'silent' transitions because they contribute to the absorption but not to the MCD that we can observe.
In the other transitions shown in figure 1 the spin of the electron making a transition is determined by the spin of an electron in the initial or final state. In figure 1 all the polarisable states are shown with spin up; there will be equivalent transitions for all the starting configurations with spin down and the MCD is given by the, small, population differences between these two types of initial state. These are the type of transition that give rise to the observed MCD spectrum. figure 1 (d); this would be seen in our experiments for a single occupied oxygen vacancy but not for an Al donor because in that case the energy, 0.01 eV, is below our limit of detection. The processes shown in figures 1(e) and (f) involve an electron being excited out of the valance band into a partially ordered oxygen vacancy state to form either the spin singlet (e) or the spin triplet state (f).
When ZnO is heavily doped with Al there is another contribution because there is a significant number of degenerate electrons in the conduction and impurity bands. Transitions from the valance band cannot occur to occupied states and hence there is an MCD that is proportional to the difference in the populations of conduction electrons with up and down spin. If the occupations, n 0 , are low then Boltzmann statistics may be used and the μ n B k T MCD~/ 0 B B and if the conduction electrons are degenerate then μ ( ) BG E Bn MCD~B F 0 1/3 . There are also transitions to extended defect states that exist around grain boundaries and dislocations. There is a conducting layer in the grain boundaries in ZnO and also an increase in the number of singly ionised oxygen defects [26] . The spin splitting of the electronic states in this layer has been proposed as the origin of magnetism in undoped films [13] . The contribution of these layers to the MCD may understood in a similar way to the effects of a spin split conduction band discussed above.
Experimental methods

Samples
We have chosen to apply the technique to two different types of samples. We have studied polar films in order to investigate the types of defect that are introduced by growing the films with a definite polarity. As a contrast films were also studied that had been grown by pulsed laser deposition, a very commonly used technique, with and without doping with aluminium. Table 1 gives a summary of the samples that are investigated in this paper. In the following sub-sections we describe their fabrication.
MBE-grown ZnO films.
Two films of ZnO were grown by molecular beam epitaxy (MBE) in order to investigate the effect of surface termination. A radio-frequency plasmaassisted system (Omni Vac) was used to grow single crystal ZnO films on sapphire substrates which were degreased in trichloroethylene and acetone and rinsed with deionized water before being introduced into the chamber. Elemental Zn was evaporated by Knudsen cells (Veeco), and oxygen generated by rf-plasma system (SVTA) was used as a radical source. The controlled growth of unipolar ZnO films was realized by interface engineering using an MgO buffer layer on α-Al2O3 (0 0 0 1). An ultra-thin MgO with a strained rocksalt structure, with thickness of a few atomic layers (~0.5 nm), resulted in O-polar ZnO films. The Zn-polar ZnO films were grown on a three unit cell thick (~10 nm) relaxed rock salt MgO buffer layer. In both cases an additional ZnO buffer layer, about 10 nm thick, was deposited at low temperatures, 450 °C, before the deposition of the 400 nm thick ZnO epilayer at higher temperature, 650 °C [28] .
These films are of n type with electron concentration of about 10 16 cm −3 and electron mobility between 90~110 cm 2 Vs −1 . X ray diffraction characterization reveals that the full width at half maximum of ZnO(0 0 2) rocking curve is about 95 arcsec and ZnO(1 0 2) is about 446 arcsec. The polarity of the films were confirmed by electron energyloss spectroscopy (EELS) and convergent beam electron diffraction (CBED) [29, 30] .
PLD-grown (ZnAl)O films.
Four films of ZnO doped with Al were grown by pulsed laser deposition (PLD), together with an undoped reference sample, see table 1. The targets were made by grinding and sintering of powders mixed with the appropriate ratios. The procedure was repeated three times, grinding for 20 min using pestle and mortar, followed by sequential sintering in a furnace at 400 °C and 600 °C for 12 h. After that the final powder was pressed into a cylindrical pellet followed by the last sintering at 900 °C for 15 h. An XeCI excimer laser (Lambda Physik LEXTRA 200) was used to synthesise the thin films on sapphire substrates. The laser wavelength was 308 nm, which matches to a spectral region in which the materials show strong absorbance. 28 ns pulses were used with a repetition rate of 10 Hz with pulse energies up to 400 mJ. The pressure during the growth is in the range of 1-3 × 10 −5 Torr in order to grow oxygen deficient films, and the substrate temperature was 450 °C.
Optical techniques
The absorption spectra of the films between 1.7 and 4.5 eV were taken by measuring the transmission using chopped light from a xenon lamp and a monochromator with a photo-multiplier tube detector. This was analysed in terms of the intensity lost in the film to give a loss coefficient, α; this incorporates real absorption in the film as well as scattering from the front and back surfaces and also from grain boundaries in the film. MCD spectra were taken in the same energy range using a photoelastic modulator [31, 32] . The measurements were taken at room temperature in an applied magnetic field of 1.8 T. The data from the sapphire substrates was also recorded. Sapphire is transparent and therefore has a very low MCD when measured in degrees/cm. However, as it is so much thicker than the film, its contribution is very important and is subtracted from all our measurements. We find that when the film starts absorbing strongly, so that very low intensities are recorded at the detectors, our data falls to zero in both Faraday and MCD channels. Hence a subtraction of the data from the substrate is not possible. For this reason all the MCD data presented here has been taken where the absorption is sufficiently weak that this does not occur.
Experimental results
In this section we show the absorption and MCD spectra of the films. The MCD of the sapphire substrate is also shown. 
Films of ZnO grown by MBE
The weak absorption of these films below the energy gap could not be measured accurately as the films were grown on single-side polished substrates and so there was a large scattering below the band edge from the back side of the substrate. Above the gap, 3.34 eV for both films, there was a slightly sharper edge for the O-polar film indicating that it had better crystalline quality than the Zn-polar film. This was not expected as it is usually found that the O-polar films have more defects than the Zn-polar films [4] [5] [6] [7] . Figure 2 (a) shows the MCD data for the O-polar and Zn-polar ZnO films of thickness 400 nm grown by MBE on sapphire substrates. The scattering from the back surface does not affect the MCD. This data was obtained after subtracting the signal from the substrate which was sapphire with very thin MgO and ZnO buffer layers. The MCD is larger for the Zn-polar film and increases slowly with energy however both spectra are relatively flat. The spectrum from the O-polar films has a weak maximum around 2.4 eV corresponding the prominent 'green line' seen in the PL spectrum [24] . Such featureless spectra have been recorded before for defect states [33] and broad PL spectra are seen in ZnO due to lattice relaxation [19, 26] .
O-polar and Zn-polar films do have very different PL spectra at low temperatures [4] but these differences have largely disappeared at room temperature [34] . The MCD is sensitive to the defects that have an uncompensated spin as described in section 2 and hence this spectrum is a different weighted average from that obtained from PLD. These spectra are recorded for light that has passed right through the sample and hence have experienced the regions around both interfaces as well as the bulk region. The particular growth conditions necessary to obtain polar films causes different structural defects throughout the films [35, 36] .
The MCD is very small for materials with a wide band gap as can be seen for sapphire in figure 2(b) hence the MCD from a layer of MgO layer that is thinner than 10 nm will be negligible compared with that from the ZnO. The ZnO buffer is also much thinner than the films (10 nm compared with 400 nm). Hence we can attribute the signal to the ZnO films. Both films have the same low temperature ZnO buffer and so that cannot be responsible for the observed difference in the observed MCD of the two films shown in figure 2(a) . The larger MCD signal for the Zn-polar samples imply that it has significantly more magnetically active gap states. The processes sketched in figures 1(d)-(f) all have a singly occupied oxygen vacancy state in their initial state and figure 1(c) has the triplet state as an initial state. This data demonstrates that these states all occur in these polar films [26] . The films here are of high quality and this measurement of the MCD indicates the power of this technique. The MCD rises slowly in the energy range 1.8 < E < 3 eV for the Zn-polar film indicating that the density of defects increases as the band edge is approached. There is a very shallow maximum in the MCD for the O-polar film at 2.5 eV which may be the reverse process seen in PL where there is a broad emission band centred at 2.5 eV with a width of ~0.5 eV [19, 26] . The MCD drops just as the band edge approaches which may due to transitions to the tail of the conduction band.
Films of (ZnAl)O by PLD
The results for the absorption and MCD for pure ZnO film and the (ZnAl)O films grown by PLD are given in figures 3(a) and (b) . The absorption for pure ZnO rises much more rapidly below the band gap than for the films containing Al indicating much better film quality. The inclusion of Al is known to cause a decrease in the grain size and surface roughening [25, 37] . The band gaps were evaluated from Tauc plots and the values are given in the figure caption. The aluminium forms donor states that are readily ionised at room temperature to give a high density of carriers in the conduction band that cause the absorption edge to shift from 3.5 eV to higher energy, 3.65 ± 0.05 eV, due to the Burnstein Moss effect [4, 7, 37] . In our data we find that the band gap does indeed increase with increasing concentration of Al; however not all our data follows the expected variation with thickness as the energy gap for the film with 1% Al and thickness 430 nm is anomalous and does not lie between the results for the 380 nm and 60 nm films as expected. The energy loss, α, below the band gap is very small α ~ 0.01-0.05 cm −1 the largest, 0.05 cm −1 , occurs for the film with 2%Al which indicates a degradation in the film quality with Al doping as well as more real absorption. The absolute magnitude of the MCD spectrum per unit thickness, for the pure ZnO film is similar to that of the O-polar film shown in figure 2(a) . The measured signal was smaller here because the sample was thinner, 155 nm, compared with 400 nm for the O-polar film the data and is noisier probably due to the intensity fluctuations from the Xe lamp. The MCD is small and positive over the low energy range which is characteristic of a film with oxygen vacancies as was found for the MBE films. There is a small negative region close to the band edge that arises from transitions to the band states split by the applied magnetic field as has been seen in magnetic oxides [14, 15] . This film was thin and so a correction for the relative change in transmitted intensity due to the polar Kerr effect at the interfaces of the film was significant here [38] .
The positive contribution to the MCD at low energy seen in pure ZnO has been eliminated in the (ZnAl)O films with 1% doping because the partially occupied oxygen vacancy gap states that caused this signal are now doubly occupied with electrons from the aluminium and hence are nonmagnetic. There is no signal from isolated ionised aluminium donors because these ions now have a closed shell and so are nonmagnetic. The MCD from the transition shown in figure 1(d) is not observed from the neutral Al donor because this has a much smaller energy <0.01 eV than for a singly occupied oxygen vacancy state and so is outside the range of our measurements. This correlates with the result that, although both oxygen vacancies and doped aluminium do provide carriers in magnetic ZnO, the oxygen vacancies are essential for magnetism whereas the aluminium donors only enhance the magnetism when the oxygen vacancies are also present [18] .
The negative signal starting at energies above 2.6 eV and continuing to the band edge has become stronger because this depends on a polarised impurity band formed from the partially occupied Al donors. The occupation of the conduction band has been increased by doping with aluminium and the MCD arises from the spin splitting of this band in a magnetic field as described in section 2. There are two competing effects for the film that was doped with 2% of Al. There is now a small positive signal at low energy that arises from the higher density of grain boundaries, due to 2% doping, that are accompanied by an additional concentration of singly ionised oxygen states [26] . At higher energies the negative signal from the Al impurity band predominates.
These results on ZnO have shown that these films have magnetically polarisable states in the band gap that have an approximately constant density of states. The magnitude of this density of states depends on the imperfections in the films which are larger for PLD grown films than for an O-polar epitaxial film. We showed that the MCD from these states disappeared when they were occupied by an extra electron provided by a small concentration of Al donors; however the concentration of defect states increased faster than the effects of compensation for the more heavily doped film because of the increase of the number of partially ionised oxygen vacancy states associated with the grain boundaries.
Our results for MCD may be compared with the results of PL for films deposited by PLD [25] and ultrasonically assisted chemical vapour deposition with and without the addition of Al [39] . In both cases the inclusion of Al dramatically reduced the intensity of the green PL signal at around 2.2 eV whereas this signal was partially restored for our sample of 2% Al. There was no PLD signal from the defect band detected by MCD at energies above 2.6 eV.
The MCD of the sapphire substrate
We conclude this section with brief remarks on the MCD spectrum of another wide band oxide sapphire, Al 2 O 3 , whose MCD spectrum was shown in figure 2(b) . The band gap of sapphire is ~8.7 eV which is very much wider than ZnO. Hence the MCD (degrees/cm) is much smaller, about 0.004 compared 0.2-0.4 for ZnO. In this case the MCD has detected effects from a very small absorption that would be unlikely to be detectable by direct means. However it is interesting to note that the energy dependence follows the more usual pattern of increasing as the energy is getting closer to the band edge.
Conclusions
MCD is known to be a good technique for investigating magnetic materials. In this paper we have shown that it is also useful for detecting and characterising gap states in non-magnetic materials as well even though these effects 8 2.1 2.4 2.7 3.0 3.3 3.6 3 8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3 are very small. It is a useful complementary tool to photoluminescence because the MCD is only sensitive to the states that are magnetically polarisable whereas the PLD also detects transitions to or from singlet states. Hence a comparison of the two techniques will allow the spin of the deep gap states to be measured. Many of the applications of ZnO involve doped samples and in this case the PL spectrum will be quenched and but measurement of the MCD is still possible.
We then applied the technique first to two different types of polar ZnO-based samples. In this case we could compare our results to the published PL data. We found that the Zn-polar ZnO film contained more spin polarisable gap states than the O-polar one; this was an unexpected result for our films. The energy distribution of the states was slightly different for the two polarities indicating different crystalline imperfections. The broad response in the MCD showed that there are spin polarisable states at a large range of energies.
The MCD of the Zn-polar film was similar to an oxygendeficient ZnO film grown by PLD. The addition of 1% aluminium quenched the MCD signal at lower energies observed in all three pure ZnO samples due to the electron filling of the polarized gap states. Although there was also an increase in the density of electrons in the band states with higher concentration of aluminium. We also found evidence for the importance of surface states in the thinnest (ZnAl)O samples. The increase in the signal from partially ionised oxygen vacancies in the grain boundaries increased with the concentration of Al. These charged states are clearly an important source of scattering of the mobile carriers and responsible for reducing the mobility as the concentration of Al is increased. We found that films doped with 1% Al had significantly fewer partially ionised oxygen defects. Hence MCD is a powerful technique for determining this important source of scattering mechanisms in ZnO:Al. Many uses of ZnO require oxygen vacancies so the MCD which detects the singly ionised oxygen and any triplet states on oxygen vacancy sites will be a very useful characterisation tool.
The nearly constant density of states in the gap of ZnO is very important for the incorporation of ZnO in organic solar cells and LED's because the localised gap states can couple efficiently to the localised states that occur in the organic materials [38, 40, 41] . Hence this work has shown that this technique can make a contribution to the design of efficient OLED's and organic solar cells.
Finally when we measured the MCD of the sapphire substrates we found an extremely weak positive signal for energies above 2.4 eV which is a long way below the band gap at 8.7 eV. We expected this to be extremely small because the magnetic response of sapphire substrates is diamagnetic and hence any contribution to the susceptibility from polarisable gap states must be overwhelmed by the diamagnetic response of the bulk of the material. The MCD could be measured because the substrate was considerably thicker than our films. However it showed that crystalline imperfections in this insulator also give rise to gap states in the energy range, 2 eV-3.6 eV, covered by our experiment.
We expect that the MCD technique will find similar use in a wide range of other materials that are transparent but weakly absorbing in the visible region.
